INTRODUCTION
A major source of ambiguity in interpretation of magnetic survey data lies in the fact that the physical property contrast that produces the observed magnetic anomalies is a vector, the magnetisation, which may in principle have any orientation. In the absence of independent information about source magnetisation, magnetic modelling usually proceeds on the assumption that the source is magnetised parallel to the local geomagnetic field. However, if the source magnetisation direction differs significantly from the present field direction, due to remanent magnetisation or strong anisotropy, models that fit the data may be grossly in error. For example, interpreted dips of sheet-like bodies and plunges and locations of pipes will be erroneous, with serious consequences for drill targeting. For highly magnetic sources, self-demagnetisation effects may cause similar problems. This paper presents two methods for analysis of individual magnetic anomalies that allow remote estimation of source magnetisation, while making minimal assumptions about source geometry. The first method relies on integral moments, calculated over a measurement plane, of tensor invariants. These invariants are calculated from magnetic gradient tensor data, which can be either measured directly or derived from high quality conventional magnetic surveys through Fourier filtering or equivalent source techniques.
The integral moments yield estimates of the horizontal and vertical location of the source centroid, the total magnetic moment (magnetisation  volume), and the magnetisation direction. Although integral moment methods are based on integrals calculated over the entire horizontal plane, the centroid depth estimate can be corrected for the finite radius of integration. Once this depth is known, the integral moments of vector and tensor components, as used in Helbig (1963) analysis and its offshoots, can also be accurately corrected for the finite radius of integration, allowing numerical integrations to be confined to the main part of the anomaly, thereby reducing contamination of the integral moments by neighbouring sources and greatly improving parameter estimation.
Provided the area of integration extends well beyond the horizontal dimensions of the source, and the source can be assumed to be depth limited, with bottom depth comparable to the radius of integration or smaller, integral moment methods are in principle independent of source geometry. With the above caveats, estimated parameters are quite robust and do not depend on assumptions about source shape and size. The method is sensitive, however, to erroneous base levels in the vector and tensor components, and to regional trends, which must be removed before applying the method.
SUMMARY
Assuming without evidence that magnetic sources are magnetised parallel to the geomagnetic field can seriously mislead interpretation and can result in drill holes missing their targets. I present two new methods for providing information about magnetisation of anomaly sources, independent of the geometry of the causative bodies. The first method is based on analysis of magnetic gradient tensor data.
Integral moments of tensor invariants locate the horizontal and vertical centres of magnetisation and estimate the magnetisation direction. The depth estimate allows correction of the integral moments for the finite range of integration, which can accordingly be restricted to the main part of the anomaly. This reduces interference from neighbouring sources. This method provides information on location, total magnetic moment (magnetisation  volume), and magnetisation direction of a compact source, without making any assumptions about its shape.
The second method employs a single combined gradiometer/magnetometer, operating in base station mode within a magnetic anomaly of interest. The response to geomagnetic time variations allows the contributions of induced magnetisation and remanence to the anomaly to be separated. This method allows remote estimation, prior to drilling of (i) the total magnetisation direction of the source, which is a key to accurate modelling (ii) the remanence direction, which can provide geological information such as age of intrusion or alteration, (iii) the Koenigsberger ratio Q, which is indicative of the magnetic mineralogy of the source. If the source is compact, the method also provides a direct indication of the direction to its centroid.
The second method is a variant of the differential vector magnetometry (DVM) approach of Clark et al. (1998) , which is only now becoming feasible due to improving sensor technology. The original DVM method employs two carefully aligned vector magnetometers, operating in base station mode, with one placed within a magnetic anomaly of interest and the other outside the anomaly to monitor unperturbed geomagnetic time variations. The new method replaces the two vector magnetometers with a single gradiometer plus magnetometer package, placed within an anomaly of interest. The response to geomagnetic time variations allows the contributions of induced magnetisation and remanence to the anomaly to be separated. This method allows remote estimation, prior to drilling of (i) the total magnetisation direction of the source, which is a key to accurate modelling (ii) the remanence direction, which can provide geological information such as age of intrusion or alteration, (iii) the Koenigsberger ratio Q, which is indicative of the magnetic mineralogy of the source. If the source is compact, the method also provides a direct indication of the direction to its centroid.
With current measurement capabilities the modified DVM method can be applied to anomalies for which contribution of induced magnetisation to the anomalous field and gradient is sufficiently large (>100 nT and > 1 pT/m respectively), by monitoring geomagnetic time variations (diurnal, pulsations, substorms etc.) of tens of nT. Given an adequate signal-tonoise ratio, the estimated magnetic properties are completely independent of any assumptions about source geometry, including bodies of effectively infinite depth extent. Thus this method can in principle resolve pathological cases of ambiguity associated with 2D dipping sheets and axially magnetised plunging pipes of great depth extent. Helbig (1963) showed that it was possible in principle to determine the magnetic moment vector of an arbitrary finite source by calculating various integral moments of magnetic vector components over an entire horizontal plane above the source. This method was largely neglected over subsequent decades, probably because vector data were rarely available. Clark (1997, 1998) revived the method, with some modifications, by applying it to vector components calculated by Fourier processing of a conventional TMI survey. Since then, a number of researchers, including Phillips (2005) , Li et al. (2004) , Foss (2006) , and Caratori Tontini and Pedersen (2008) , have developed and applied this concept. Phillips et al. (2007) extended the analysis to integral moments of the magnetic gradient tensor.
METHOD I: INTEGRAL MOMENTS OF TENSOR INVARIANTS AND COMPONENTS
Consider an isolated source with magnetisation M, which produces an anomalous field vector b. The anomalous magnetic gradient tensor B is a symmetric traceless second order tensor (Pedersen and Rasmussen, 1990) given by the vector gradient of b. Rotational invariants of the tensor, such as the canonical invariants I 1 , I 2 of Pedersen and Rasmussen (1990) , can always be expressed in terms of the eigenvalues of the tensor. The normalised source strength (NSS) µ is a particularly useful invariant, because it is completely independent of magnetisation direction for a number of simple, but useful source types: spheres, compact sources that can be represented by a dipole, axially magnetised thin pipes, and 2D sources of arbitrary shape (Beiki et al. 2012; Clark, 2012a,b,c) , and is only weakly dependent on magnetisation direction for 3D sources in general (Pilkington and Beiki, 2012) . The NSS is defined by where C = µ 0 /4, m is the magnitude of the magnetic moment m and r is the distance from the dipole to the measurement point (x,y,0). Clearly from equation 2, the NSS measured over a plane peaks directly over a dipole source (where r is a minimum) and is independent of orientation of m. The depth of the dipole is simply related to the halfwidth of the NSS anomaly. This suggests that measurements of µ over a plane can provide robust estimates of dipole location, unaffected by magnetisation direction. In practice the numerical integration is carried out over a finite area to obtain initial estimates of (x 0 , y 0 ). The area of integration is then centred on this point and the integrals recalculated to make any necessary small corrections to the location, which is subsequently used as the origin of coordinates for calculation of all other integral moments. The depth of the centre of magnetisation, h, can be found from Equations 4-7 are exact for a point dipole source, which is equivalent to a uniformly magnetised sphere, and is also very accurate for compact sources of arbitrary shape and for fairly equidimensional sources buried at moderate depths, for which the dipole contribution dominates the anomaly. The horizontal location of the centre of magnetisation is also well estimated, even for sources of complex geometry, due to the high centricity of the NSS over arbitrary 3D sources (Pilkington and Beiki, 2012) . The depth of the centre of magnetisation can be expected to be reasonably accurate, provided the depth extent of the source is smaller than the radius of integration.
Corrections of the calculated integrals for the finite ranges of x and y are necessary to account for the tails of the anomaly, which are buried in noise, obscured by interfering anomalies or may lie outside the survey area. The first step is to correct the initial estimated depth of the centroid, h, obtained from equation 6 when the integration is perfomed over a disc of radius R:
In equation 8  and  are polar coordinates centred on (x 0 , y 0 ).
Solving equation 8 for the true depth h in terms of the known quantities R and h gives
Once the true depth of the centroid has been estimated, all other integral moments used in the subsequent analysis can be corrected for the finite area of integration using analytic integrals based on the theoretical fall-off rate of a point dipole anomaly, as done for conventional Helbig analysis by Schmidt and Clark (1998) and Caratori Tontini and Pedersen (2008) .
While it is often more convenient to carry out 2D integrations over square or rectangular areas, rather than discs, it turns out that the corrections for finite discs and for squares of equivalent area (with side X = R) are almost identical for the integral moments of interest, differing by at most about 1% over a wide range of R/h. Therefore the corrections based on discs of integration, which are much easier to calculate, can be used, even though the integrations are performed using square windows.
The corrected magnitude of the magnetic moment, based on the initial estimate m is Note that the declination of the magnetisation, given by dec = atan2(m x ,m y ), is independent of the radius of integration (provided the integral is centred correctly above the source). On the other hand, the inclination of the magnetisation, given by I = sin 1 (m z /m), requires a correction for the finite range of integration.
METHOD I: FIELD EXAMPLE
The methodology outlined in the previous section has been applied to analysis of publicly available aeromagnetic data from northern NSW, over the southern part of the Thompson Fold Belt. Anomalies over inferred intrusions, corresponding to four prominent discrete equidimensional anomalies within a relatively subdued background field, have been studied in detail. Pratt et al. (2012) modelled the sources of these anomalies, which they labelled Pipes A-D, and estimated magnetisations of the causative bodies. The northern pair of pipes are clearly reversely magnetised (Figure 1 ), indicating that their magnetisations are dominated by reverse polarity remanence, whereas the southern pair of anomalies (Figure 2 ) have magnetisations of normal polarity, making the presence of remanence less obvious. However, detailed analysis of these latter anomalies shows that their magnetisations are somewhat oblique to the present field direction, showing that remanence also contributes to the total magnetisation of these bodies. Vector and gradient tensor components were calculated from the gridded TMI data by Fourier filtering, as described by Schmidt and Clark (1998) . Grids of tensor invariants were then calculated from the tensor elements. Figure 3 shows images of the invariants µ and  2 over the northernmost anomaly (Pipe A). The NSS is almost radially symmetric and lies within a very quiet background, implying that the source is isolated and compact, with minimal interference from neighbouring anomalies, hence it is ideal for application of Helbig-type analyses. NSS anomalies for the other pipes are qualitatively very similar. The centroid of the source is inferred to lie directly beneath the centre of the NSS anomaly.
The negative sign of the  2 anomaly indicates that the magnetisation is reversed and its slight asymmetry suggests that the magnetisation is steep, but slightly off vertical.
Source centroid locations and magnetic moments were calculated using equations (4)- (13) Table 2 compares magnetisation directions obtained using method I, methods A-C and the inversion results (G). All the other methods give quite good agreement with the directions from the inversion model, which are assumed to be accurate due to the good fits to the data and the palaeomagnetic plausibility of the results. Directions from tensor Helbig analysis (method C) are inherently insensitive to the radius of integration and agree particularly well with the inversion results, but accurate estimates of moment magnitudes depeneds on a substantial correction that requires accurate estimation of h using method I. Caratori Tontini and Pedersen (2008) suggested a method for estimating the centre of magnetisation from second order integral moments of vector components, but it fails to estimate depths correctly for this data set, possibly because of the steepness of the magnetisations and the large corrections required for finite integration area because of the slow fall-off of the integrands.
All methods indicate moments of about 10 8 Am² for pipes A-C and a somewhat larger moment, ~3 10 8 Am², for pipe D. Methods C-F, which directly estimate source location are in good agreement for both horizontal location and depth. Table  3 compares magnetic moment and depth estimates for all pipes. Note that Pratt et al. (2012) give depths to the tops of the modelled pipes, not depths to centroids. Twice the difference between the two depths may give an indication of the depth extent of the pipes.
METHOD II: USING A STATIC GRADIOMETER TO DETERMINE MAGNETISATION
The second method presented here extends the theory given by Clark et al. (1998) to exploit the sensitivity of SQUID-based magnetometers and gradiometers to detect local perturbations of anomalies associated with time-varying magnetisation induced by geomagnetic variations. Figure 4 illustrates the principle of the method. Clark et al. (1998) showed that the anomalous field vector b, measured at a fixed location within the anomaly, is related to the source magnetisation vector J by the matrix equation (14) where A is the second order gradient tensor of the pseudogravitational potential. The susceptibility is assumed to be isotropic and the magnetisation of the source is assumed to be uniform, at least in direction. A depends on the geometry and location of the source, but is independent of the magnetisation. A geomagnetic variation F produces a change J = kF in the induced magnetisation, which also equals the change in the resultant magnetisation J res , because the remanence is unaffected. This in turn produces a change in the anomalous field and its gradient. By continuously monitoring geomagnetic variations and gradient perturbations the contributions of induced and remanent magnetisations can be separated. Fluctuations in the vertical gradients of b, for example, are given by
Time series of the gradients and F yield least squares estimates of the elements of kA/z. The resultant magnetisation of the source, divided by the unknown susceptibility, can then obtained by inverting the relationship, analogous to equation (14), between the gradient anomaly and the resultant magnetisation
Equation (16) determines the direction of the resultant magnetisation, which is crucial information for accurate modelling, but not its absolute magnitude. Similar analysis of the orthogonal gradients provides data redundancy, allowing consistency checks and improving error estimates. Because the direction of the induced magnetisation is known, the direction of remanence and the Koenisberger ratio Q can also be calculated, using
As noted by Clark et al. (1998) eigenvector analysis of the matrix A (or its derivatives) can also provide a direct indication of the direction towards the centroid of a compact source.
The original differential vector magnetometry method trialled by Clark et al. (1998) required two sensitive vector magnetometers, separated by hundreds of metres and aligned to within seconds of arc. The method proposed here requires only a single rigidly mounted package containing a vector magnetometer and gradiometer, that can be placed anywhere within the anomaly and monitored over several hours to allow sufficient geomagnetic field variation. The Superconductivity and Magnetism Group at CSIRO Materials Science and Engineering is adapting a sensitive high-temperature SQUID magnetometer and tensor gradiometer package with gradient sensitivity of about 2 pT/m, developed for underwater UXO detection (Young et al., 2010) , for this purpose. Field trials using this instrument are planned for April 2013.
CONCLUSIONS
Value can be added to existing high quality TMI surveys by calculating vector and tensor components and using methods developed for analysis of these types of data, although direct measurement of the gradient tensor is optimal (Clark, 2012a,b,c) . For relatively isolated anomalies, analysis of integral moments of tensor invariants, particularly the normalised source strength and the intermediate eigenvalue (method I), provides useful information on source location, direction of magnetisation and total magnetic moment, even when the numerical integrations are restricted to the main portion of the anomaly. The horizontal location of the centre of magnetisation is very robust, particularly when determined from the first integral moment of µ², and for compact sources the depth of the centroid can be reliably estimated when a correction for the finite radius of integration is made. The centroid depth is not only important in its own right, but is a crucial parameter for applying corrections to Helbig-type analyses of vector and tensor components, which are in principle independent of source shape (for finite sources).
Magnetic moment vectors estimated using method I and other Helbig-type analyses yield directions of the resultant magnetisation (remanent plus induced), which is crucial for accurate modelling, and give an indication of the size of the source, when plausible magnetisation intensities are assumed.
Method I, like all Helbig-type analyses, is not applicable to sources of great depth extent relative to the resolvable width of the anomaly. Vertical pipe-like bodies, not necessarily narrow or equidimensional, can be analysed by applying these methods to vertical derivatives of the field and/or tensor components and invariants derived from them (Clark, 2012b) . Method II uses time series of vector and gradient measurements to determine the following properties without making any assumptions about source geometry or location:
1. direction of total magnetisation (required for accurate modelling; eliminates most ambiguity), rd International Geophysical Conference and Exhibition, 11-14 August 2013 -Melbourne, Australia 6 2. direction of remanence, which provides useful geological information such as age of formation or alteration, 3. Koenigsberger ratio Q, which gives information on the magnetic mineralogy of the source, 4. total magnetic moment of a compact source, which is analogous to the total anomalous mass inferred from a gravity anomaly and can indicate probable size of the source for plausible magnetisation strengths, 5. a direct indication of direction to a compact source, which can be used to site initial drill holes, 6. depth and horizontal location of the centroid of a compact source from two stations, occupied simultaneously or consecutively.
Points 1-4 can assist prioritisation of targets prior to drilling and points 1 and 4-6 aid in drill targeting. Method II is not restricted to sources of limited depth extent, allowing it to resolve pathological cases of ambiguity associated with 2D dipping sheets and axially magnetised plunging pipes of great depth extent. However, for sources of great strike extent that are effectively 2D, only the components of magnetisation in the plane normal to strike (which are the only contributors to the observed anomaly) can be determined.
